The similarity between spontaneous "pistol-shot" sounds heard over large vessels and the Korotkoff sounds heard distal to a partially inflated blood pressure cuff suggests that a similar mechanism is responsible for their occurrence. Simultaneous records of intravascular pressures and of the sounds demonstrate that the sounds generally precede the major rise in intravascular pressure.
D ESPITE continued interest in the nature of sounds that occur along the course of an artery distal to a segment compressed by an inflated cuff at a pressure between systolic and diastolic (Korotkoff sounds),'-" little consideration has been given to the spontaneously occurring "pistol-shot" sounds heard under certain circumstances over the larger arteries. That these spontaneous vascular sounds may be related to the sounds elicited by the cuff is suggested by the occasional indirect blood pressure recording of 'zero diastolic pressure," which implies that sounds continue to be heard distal to the cuff even when the cuff has been completely deflated. This suggests an imperceptible transition between cuff-induced and spontaneous vascular sounds. Adequate correlation between these sounds, vascular pressures, and flow depends on simultaneous recordings of these events. The following method was employed in order to elucidate the interrelationship of these events.
MI ETHOD) Intra-arterial pressures, both femoral and brachial, were measured by inserting a No. 20 or No. 18 From the Idepartment of Medicine, University of Utah College of Medicine, Salt Lake City, Utah. Supported in part by a grant from the U. S. Public
Health Service, National Institutes of Health, and the Ciba Pharmaceutical Products, Inc. 1)r. Lange is a Fellow, National Heart Institute, National Institutes of Health, U.S. Public Health Service, Bethesda, Ald. nee dle into the vessel through the intact skin. The needle was connected to a capacitance electromanometer by a polyethylene tube of 80 cm. length and 3 mm. inside diameter. The output of the electromanometer was fed to 1 beam of a twin beam oscilloscope. The second beam recordled the vascular sounds bhNmeans of a bell-type carbon microl)hone amplified through a Heathkit AVAP-2 preamlplifier. The two beams were adjusted to deflect through the same "Y" axis and were photographed by a camera with a film speed of 250 mm. per sec. The time constant of the pressure system wlas 4 sec. At times, a straingage mirror galvanomieter system was used and records obtained by means of a kymographic camera.
The natural frequency of the latter was at 50 cps, whereas the response of the former was flat to over 500 cl)s. The slight ela1stance of the tubing (aused a lag of 4 msec. of pressure behind sound. ( Figure 3 shows the relationships of sound and lateral movement of the vessel wall using a pressure capsule. Sound was recorded as indicated in the legend. Again from the average values for I and IV the sound is recorded 10 to 12 msec. before the first lateral movement of the vessel wall. This same sequential relation of spontaneous sounds to pressure has been found in all patients with aortic valve incompetence, in a normal 22 year old woman in her first trimester of pregnancy, in a 28 year old man in a thyrotoxic state, and also in subjects in whom the stroke volume and cardiac output were increased by the inhalation of 10 per cent oxygen or by the intravenous administration of Priscoline or Apresoline.
The sequence of events in the brachial artery immediately below a standard blood pressure cuff which is inflated to above systolic pressure and slowly deflated to belowv diastolic pressure is shown in figure 4A . Line I shows that the sounds appear ahead of the main pulse rise by a time period comparable to that seen in spontaneous sounds. Note, however, that there is a slight rise in pressure (indicating small flow) at the time of sound production, which 16 to 18 msec. later changes to the usual rapidly rising pulse contour. The relative flow rates cannot, of course, be quantitated. The sound is again of short duration, of relatively high intensity, and has a frequency of 100 to 150 cps. Figure 4B shows that the Korotkoff sounds, line I, differ from the spontaneous sounds, line III, only in frequency and in intensity. Line I shows duplication of the first recorded sound at cuff pressure just belowv systolic. Line III shows the decrease in frequency as the cuff pressure is decreased from 50 to 20 andyto zero mm. Hg.
Theoretic Considerations
The above observations demonstrate that there exists a close resemblance between spontaneous and induced sounds in blood vessels. The additional fact that at times it is clinically impossible to distinguish between them suggests a common or closely related mechanism. The records show that (1) at a given point in the arterial tree, the "pistol-shot" precedes both the pressure rise and the lateral movement of the vessel wall. In the case of the induced sounds, (Korotkoff) , the sound also precedes the main pulse wave; (2) the duration of the sounds is such that the sound disappears before the pressure rise is complete (thus discounting the possibility that the sound is transmitted down the vessel from the upstream pulse wave); (3) the duration of the spontaneous sound is nearly equal to the time of rapid pressure rise and also rapid caliber change of the vessel from which the sound arises.
A number of explanations have been proposed for vascular sounds of the type under discussion, which may be briefly listed as follows: (1) sudden expansion of the vessel wall and resultant vibration and sound production ;3 5, 6 (2) the "water-hammer" effect due to sudden change in flowv or pressure;' 2 , 8 (3) the "preanacrotic phenomenon" or "breaker effect" relating the sound produced to surface wave phenomenon ;4 a (4) fluttering of the vessel wall during flow through a compressed segment, the "Bernoulli effect. "3' 7 In the light of the above observations, these explanations for the production of vasecular sounds need to be scrutinized. "Bernoulli effect" of a decreasing lateral pressure as velocity is increased would tend to cause an intermittent flow with resultant wall vibration. The physical differences between the thin-walled model "artery" in air through which a low viscosity liquid is passed and the brachial artery, surrounded by semifluid soft tissue (and then surrounded by a pneumatic elastic cuff) through which a much more viscous blood flows, casts doubt that the "Bernoulli effect" can be applied to the production of the Korotkoff sounds. The observation that these sounds are heard over a very localized area immediately below the cuff attests to the damping effect of the relatively thin layer of subcutaneous tissue that covers the brachial artery at the antecubital space. In any event, this mechanism could not explain the spontaneous sounds shown in figure 4B , line III, which have the same time relationship as the Korotkoff sounds, since at no time is the vessel segment empty or even compressed when spontaneous sounds are present.
Luisada and Rappaport,3 suggest that factors (1) and (4) operate in the production of Korotkoff sounds. The discrepancies discussed above apply equally to this suggestion.
Because these explanations do not satisfy the observed facts, another mechanism for the observed sounds is proposed that is based on known concepts of fluid mechanics.15 For orientation, the following definitions are set forth.9' 15 1. Steady flow is the flow in which the velocity, pressure, density, and so forth, at a given point do not change with time. This may be termed silent or quiet flow. The usual flow in vessels may be a gradually changing continuum of steady flow. must then decrease during the following systole. The actual velocity changes are probably not great and occur gradually. (This does not agree with measurements made with bristle, "bubble," and differential-pressure flow meters and is merely indirect evidence for events that are very difficult to record instantaneously.) This indicates that in the great vessels at the end of diastole, the blood has not only appreciable linear velocity, but may well be at a near peak value at that time.
The recorded sequence of sound and pressure changes in vessels could be explained as two phases of relatively steady, quiet flow separated by a brief period of extremely unsteady or turbulent flow that begins just ahead of the pulse pressure rise. From the definition of laminar flow, it is apparent that, for a given mean velocity and diameter of vessel, an individual velocity distribution across the vessel diameter will be set up. Either a change in diameter, or in mean velocity, will be associated with a change to a second velocity distribution with appropriate changes in potential and kinetic energy. In an expansile system such as the arterial tree, the important change is due to change in the vascular diameter. This undergoes more rapid changes than does the mean velocity.
If this change occurs rapidly, the sharp disturbance in flow pattern will result in a transient period of turbulent flow and in the release of energy that may be manifested as sound ( fig. 5 ). As energy is dissipated, a new laminar flow pattern becomes established. (This situation is analogous to the "hydraulicjump" in which turbulent flow and energy loss separates two laminar flow patterns at different mean velocities and cross-sectional areas.9) Helps and McDonald,'6 using highspeed photography of the movement of gas bubbles in a vessel, have found oscillatory movements of high velocity and short duration at the time of pressure rise.
Going a step further ( fig. 5) , if the sudden change in diameter is moving along the vessel (as a propagated pulse wave would), a brief, sharp sound might be heard as the disturbance passes under the microphone or stethoscope. Since the slow moving laminae near the wall of the vessel in diastole are being acted on by an accelerating force from the faster lamina in the larger caliber portion of the vessel in systole ( fig. 5 ), turbulent flow may occur at the end of diastole several milliseconds ahead of the arrival of the pressure pulse. It will continue several milliseconds after the arrival of the rise in pressure as energy is being "bled-off" the blood in the vanguard of the pulse. This explanation seems to satisfy the recorded sequence of events ( figs. 2 and 3 ).
The changes in flow pattern that have been discussed may to a certain extent be quantitated. Distensibility studies of the human aortal3 indicate that in the aorta of a young individual a pressure rise of from 40 to 160 mm. Hg (aortic insufficiency, WV. H., table 1), would give approximately a threefold increase in volume. If this occurs without a change in length of the vessel, the radius should increase by 1.7. Assuming that no significant changes in mean velocity have occurred as the radius is increased and assigning a value of 50 cm. per sec. as mean velocity, the relative changes in velocity distribution occurring within this vessel can be calculated by substitution in equation 1. As the vessel radius increases by 1.7, the lamina which in diastole had zero velocity (x = R) must accelerate to x = 1/1 .7R during systole ( fig. 5) . Therefore, Vi = (1 -.36) (100) = 64 cm. per sec. If the time in which this change must take place is of the order of 0.1 see this would require an average acceleration of 6.4 M. per sec.2 Most of the energy released by this acceleration is absorbed by the distal column of blood still in the diastolic portion of the pulse curve. Some of the energy that cannot be transferred to flow will manifest itself as noise by unsteady flow.
At the other extreme, a subject such as E. L., (1) the degree of pressure rise (AP); (2) the slope of the pressure rise, dP/dt; (3) the increase in crosssectional area for a given pressure rise, dA/dP and (4) mean linear velocity (v) at the end of diastole. Thus, the energy per unit time imparted to a column of blood in diastole by an advancing pulse pressure wave may be expressed in a general equation as:
E-Ed = Kf[AP, dP/dt, Da/dP, (v) ] (3) where E, E,, is the increase of energy, both pressure and kinetic, by the pulse wave and K is a proportionately constant. J. MI., table 1 shows changes in the various factors of equation 3 exhibited by a normal individual with "quiet" vessels at rest who developed spontaneous sounds over the femoral arteries while breathing 10 per cent oxygen and after intravenous Priscoline. Note that without change in pressure (AP), the rate of pressure rise (dP/dt) in the radial artery (col. 8) increases during anoxia and after Priscoline. This results in a more rapid caliber change than at rest. At the same time, both stroke volume and cardiac output rise (col. 3 and 4) with corresponding increase in mean velocity (v). The changes will cause a several fold increase in energy transfer during the experimental procedures as compared to the resting values.
A second type of sound occurring spontaneously over vessels is seen in figure 2. This is a low intensity, crescendo and decrescendo sound that occurs after the plateau of systolic pressure has been reached. The contrast between this and the brief, sharp "pistol-shot" is considerable. From the definition of Reynold's number and equation 2, either an increase in radius or in mean velocity would cause turbulent flow in a system where the critical Reynold's number was approached. The fact that this low-grade turbulent flow does not persist throughout systole can be explained by the previously suggested inverse relationship between pressure and mean linear velocity in the great vessels.
A similar interpretation may be advanced for the case of sounds heard over a vessel constricted by a cuff. Because of the elasticity of the skin, and the semifluid properties of fat and muscle, the compression force of the cuff is transmitted to the vessel better at the cuff center and less well at the cuff edges. This is schematically depicted in figure 6 . As is indicated, condition I shows the vessel just prior to penetration by the pressure pulse. 
